We estimate and compare the effects of small and large irrigation dams on cropland productivity in South Africa. To this end, we construct a panel data set of South African river basins. The econometric analysis reveals that although large dams increase cropland productivity downstream, they have a negative effect on cropland within the vicinity. However, their existence can enhance the relatively small positive impact of local small dams. Although a cost-benefit analysis of irrigation benefits shows that small dams may be more viable than large ones, large dams can play a potentially important role within a system of both types of dams. JEL codes: O20, Q19
The use of dams to facilitate irrigation through water storage in times of scarcity in developing countries has had a long and varied history. Traditionally, much of the funding by international donors was for large dam construction (Hathaway and Pottinger 2008) . However, in the 1990s, considerable concern emerged over the fact that the distributional environmental and economic impacts of large dams had been largely ignored. This situation eventually culminated in the creation of the World Commission on Dams to assess these infrastructures globally. The conclusions of the World Commission on Dams were rather damning, stating that "a lack of equity of distribution of benefits has called into question the value of many dams in meeting water needs. . .when compared to alternatives" (WCD 2000, p. xxviii) . Importantly, this report and the consequent media attention not only resulted in the considerable reduction of donors' funding for large-scale infrastructure projects but also sparked the birth of a substantial (and ongoing) contingency of lobbyists arguing that small dams, which cause little environmental degradation and population displacement, are an obviously superior solution to the water scarcity problem of agriculture in developing countries. 1 A closer examination of the large versus small dam controversy, however, reveals that the underlying issues are much more complex than often portrayed. Although it is undeniable that small dams result in relatively negligible negative environmental and economic spillovers, it must also be recognized that large dams provide substantially greater storage capacity, operate at a lower perstorage cost, and lose less water owing to evapotranspiration than their small counterparts (Keller, Sakthivadivel, and Seckler 2000) . Moreover, in addition to irrigation, large dams can be multipurpose, providing flood control as well as generating substantial amounts of hydropower and, hence, offsetting some or all of the irrigation investment costs. Importantly, the relative weight of the advantages and disadvantages of large versus small dams depends upon quantitative assessments of the various factors involved. In a study of potential large-and small-scale irrigation investment in sub-Saharan Africa, Young (2008) find that the relative cost-benefit ratio crucially depends on assumptions regarding per unit capacity investment, and these assumptions vary widely. Moreover, it appears that the question may not be a matter of the choice of large versus small but rather the choice of a "continuum of options of large and small dams. . .(as) part of a more efficient irrigation system" (Foster and Briceñ o-Garmendia 2010) . In such a system, small dams can serve small, immediate water needs, whereas large infrastructures ensure long-term availability and can support nearby smaller dams (ICID 2000) .
Despite the continuing debate over whether small dams are preferable to large ones, a perusal of the academic literature unearths essentially no statistically sound quantitative estimates of the relative benefits or costs. For example, in terms of agricultural production, Duflo and Pande (2007) examine the case of India and find that dams benefit agricultural production only in downstream, not in nearby, communities. This result is echoed for the case of the African continent by Strobl and Strobl (2010) . These studies, however, only examine the case of large irrigation dams. The only exception is the study by Ersado (2005) , which looks at small irrigation dams for Ethiopia and finds that households located closer to a small dam enjoy greater agricultural yields. However, the author does not provide comparative results for being closer to a large dam, and the econometric estimation does not control for the likely endogenous location of dams, which, as Duflo and Pande (2007) and Strobl and Strobl (2010) demonstrate, can substantially bias the derived benefits, at least for large dams.
In this article, we address the paucity of research on the small versus large dam controversy by estimating and comparing the cropland productivity effects of small and large irrigation dams in South Africa. We believe that our article provides the first comparative quantitative study of the relative impact of large and small dams. In this regard, South Africa is arguably a particularly suitable case study. South Africa has a fairly varied climatology over time and space, allowing for considerable interbasin water transfers via irrigation dams. Additionally, after decades of investment, the country stands out for its operation of the largest number of dams on the African continent, although it is still argued to be operating below its potential, with only approximately 10 percent of the cultivated area equipped for irrigation (Foster and Briceñ o-Garmendia 2010) . 2 To complete the task at hand in this article, we assemble a 20-year annual panel data set of large and small irrigation dams and cropland productivity for river basins in South Africa. Additionally, we employ the instrumental variable (IV) approach suggested by Duflo and Pande (2007) , which allows us to address the inherently endogenous nature of dam location. Our analysis reveals a number of interesting results. In line with the literature cited above, our estimates suggest that large irrigation dams improve the productivity of downstream cropland. However, the impact of local large dams crucially depends on controlling for small dams and their interaction with these dams. More specifically, large dams reduce cropland productivity within the vicinity on their own, and they can further augment the relatively smaller positive impact of local small dams.
The remainder of the article is organized as follows. In the next section, we outline the empirical framework and econometric specification employed in the analysis. Section III provides a description of our data and some summary statistics. Our econometric results are contained in section IV. We use our estimates to infer the economic significance of large and small dams in section V. Concluding remarks are provided in the final section.
I . E S T I M A T I N G T H E D I S T R I B U T I O N
The distributional impact of large and small dams is estimated econometrically. The empirical framework and econometric specification employed in the analysis are described below.
Empirical Framework
An intrinsic part of estimating how dams may affect the productivity of an agricultural area is the geographical location of the area of interest relative to the dam(s). More specifically, consider, as in figure 1, a hypothetical region consisting of one large and one small dam and seven different agricultural plots. For each plot, the nature of dam engineering and hydrological features imply a priori expectations regarding the impact of these dams. Plot #1 is assumed to be located entirely within the large dam's catchment area and is expected to lose productivity as a result of water seepage from the reservoir, increased water logging, and soil salinity as well as possible water restrictions to ensure 2. For example, You et al. (2010) estimate that the total irrigated area in South Africa could be increased by a further 566,000 hectares, 33 percent of which would be due to small-scale irrigation dams. maximum water storage. In the command area of the large dam (that is, Plots #2 and #3), agricultural land is likely to benefit from irrigation because the fixed cost of accessing irrigation within the canal network of the command area is generally lower than for other forms of water harvesting. Although one may assume that downstream Plots #4 and #5 are too far away to benefit from the irrigation canal network, they may still benefit from the dam if it is used to prevent floods and droughts by regulating the flow of water downstream (Strobl and Strobl 2010) . 3 In contrast, the catchment area of the small dam is presumed to be small enough to not contain any agricultural plots, although we also assume that a small dam can provide some irrigation benefits to nearby cropland (that is, Plot #7). Finally, although one might expect no direct effect on the non-downstream Plot #6 from either the large or the small dam, there may be general equilibrium effects because farmers may migrate closer to a dam to take advantage of the new irrigation system or lower their production in the face of higher input and lower output prices.
Our hypothetical example suggests that, to completely disentangle the distributional effect of large and small dams on cropland productivity within this FIGURE 1. Hypothetical Example -Hydrological Regions framework, it would be ideal to know a number of geographical attributes of the dams, particularly their location, the extent of their catchment and command areas, and the location of cropland. Unfortunately, detailed, comprehensive spatial data on all dams' catchment and command areas do not exist for South Africa. Nevertheless, as Strobl and Strobl (2010) note, one can still investigate distributional effects by identifying river basins and determining their upstream/ downstream relationships and locating agricultural plots and dams within these basins. In this regard, it is helpful to consider the four basins in figure 1, noting that Basin I lies immediately upstream from Basin III (and, hence, Basin III is immediately downstream from Basin I), and Basin IV, although it does not neighbor Basin I, lies (further) downstream from it. In contrast, although Basin II neighbors Basin I, it lies neither downstream nor upstream from it. We assume that the catchment area always lies completely within the basin in which the dam (small or large) is located, and a large dam's own as well as its downstream regions may contain some of its command area.
In considering the effect of a dam within this upstream/downstream breakdown of our hypothetical region, the net a priori effect in a large dam's own basin would be ambiguous because we assume that it contains all of the catchment as well as part of the command area. In contrast, for a small dam, as long as its catchment area is small enough, it is unlikely to have much effect on the productivity of nearby cropland unless it can directly benefit from the irrigation network. We also assume that there is no effect further downstream from the small dam. In downstream Basin III, one can expect a positive effect of the upstream large dam as long as it benefits from an irrigation network. As argued earlier, further downstream plots in Basin IV may indirectly benefit through flood-and drought-induced operational rules. Finally, Basin II, although neighboring Basin I, is neither upstream nor downstream from it, but it could be subject to general equilibrium effects, as mentioned above.
Econometric Specification
Our main goal is to determine the effects of small and large dams on cropland within the same basin or immediately downstream from it. Our base specification focuses on the direct effects of dams:
where CP is basin i's cropland productivity, D(L) refers to the number of dams within the basin i, D(S) is the number of small dams in i, UD(L) is the number of large dams located upstream from i, X is a vector of other explanatory variables, t is a year indicator, and e is the unexplained error term. As noted above, a priori, the expected sign of the coefficient b 1 on large dams in an agricultural area's own region is ambiguous, the expected sign of b 2 on small dams is likely to be positive, and b 3 , representing the effect of upstream large dams, is also anticipated to be positive.
It should be noted that the estimated coefficients on D(L), D(S), and UD(L) would only be unbiased if dams were randomly allocated across South Africa. Instead, one could reasonably expect that dams have been strategically placed according to cost-benefit considerations and influenced by political factors. Thus, unless the set of controls X captures all factors that determine dam allocation and cropland productivity, a simple ordinary least squares regression of (1) is likely to produce biased and inconsistent estimates of b 1 , b 2 , and b 3 . Moreover, these biases may be upward or downward depending on the political or economic motivation behind dam placement.
Instrumental Variable Strategy
In their seminal article on the impact of large dams in India, Duflo and Pande (2007) suggest an innovative IV strategy to address the endogeneity problems intrinsic in (1). More specifically, they calculate the share of dams located in a state (which is at a more aggregate level than their unit of analysis of districts) prior to their sample period and multiply this share by the total number of dams in India. They then regress the district level of dams on this state-level variable interacted with district-level river gradient indicators to predict arguably exogenous district-level dam construction proxies, which they use as instruments. They use the river gradient proxies on the grounds that certain river gradients are more appropriate for dam construction than others. In contrast, the use of the state share of dams implicitly assumes a state-level variation in the policy of dam allocation and assumes that this can be proxied by the ex ante state share interacted with time dummies.
Here, we adopt the Duflo and Pande (2007) IV strategy of jointly using river gradients and dam allocation policy changes to isolate exogenous variation in dam location, which we alter to fit the South African context in a number of ways. First, as will be discussed in greater detail below, our unit of analysis is based on a hydrological delineation of river basins that allows us to determine their upstream-downstream relationship rather than an administrative breakdown. Second, we use the fall of the apartheid regime and subsequent water policy changes to construct the arguably exogenous policy change variable used in the IV strategy. More specifically, as Lustenberger (2010) notes, prior to the change of regime, water transfers were politically motivated by apartheid principles in which water was provided for the vast regions held by white farmers rather being used than to develop activities in the homelands, the nominally independent regions set aside for black South Africans. The groundwork that enabled such discriminatory practices was laid as early as the beginning of the 20th century with the introduction of the Water Act of 1912, which determined that customary rights were dedicated to riparian rights. Water and its uses were assumed to belong to the owners of the land crossed by the rivers, mainly the white minority. Thus, water use was intrinsically linked to land ownership, with no constraint on use. As Conca (2005) notes, the link to the control of irrigation necessarily allowed better control of rural areas. More precisely, given that a sequence of legislative pieces before and during apartheid essentially placed 87 percent of the land into the hands of the white minority, water rights and uses were mainly in the control of this group. This legal entity established the stepping stone for the apartheid regime, which took power in 1946, to introduce a policy of "hydrohegemony," under which water transfer and irrigation systems were constructed not only on the basis of geographical and economic considerations but also in terms of political motivations that mainly benefited the white population. This aspect was further solidified in the 1956 Water Act, which explicitly distinguished between "public" and "private" water and prioritized irrigation water use above all other uses.
When the African National Congress came into power at the end of apartheid in 1994, it intended to radically break with the former policy of water transfers. More specifically, it sought to redress all discriminatory aspects, particularly the waste of agricultural water distributed at low prices to white farmers and the relative lack of water infrastructure available to disadvantaged black populations. This approach culminated in the promulgation of the 1998 Water Act, which has two important aspects with regard to the current context. First, it provided for the nationalization of water resources, thereby superseding the principle of riparian rights as established under the Water Act of 1921. Second, the emphasis was switched from water supply management to water demand management, which involved the reallocation of water rights, particularly with regard to agriculture. As Stein (2000) notes, the 1998 Water Act "obliges repositories of decision making power to take account and give effect to the fundamental principles and objectives" ( p. 290). Thus, arguably, the change in water policy since 1994 put an end to aspects of water infrastructure construction that discriminated against nonwhite South Africans, a large part of which resided in the former homelands.
To capture this change in policy, we construct a step variable for river basins located in former homelands that takes the value of zero until 1994, one until 1998, two thereafter, and zero for all basins in nonhomeland areas. 4 This policy proxy is intended to capture the likelihood that former homelands were less disfavored for dam construction after the fall of apartheid, particularly after the implementation of the Water Act 1998. Third, unlike Duflo and Pande (2007) , we want to separately identify the effects of large and small dams. Thus, we need some difference in the instruments used for these. In this regard, one should note that small dams in South Africa are typically earth-fill dams, which are constructed as a simple embankment of well-compacted earth. In fact, in our database, more than 92.1 percent of dams classified as small are earth-fill dams. Importantly, small earth-fill embankment 4. We also experimented with using a dummy variable that takes the value of one from 1994 onward, but this approach produced similar results in our econometric analysis. dams are often built on ephemeral (seasonal) rivers (see RAIN [2007] and Lasage et al. [2008] ) In contrast, such rivers are generally unsuitable for large dams, which, in South Africa, are almost exclusively buttress, arch, or gravity dams. 5 We thus use the interaction term of our policy variable with perennial (year-round) river gradients as instruments for both large and small dams, but we also use ephemeral length within a basin (interacted with the policy variable) to separately identify the potentially different effect of small dams on agricultural productivity.
6
Our specification for exogenously predicting dam location relies on the use of differences in dam construction because of the change in water infrastructure policy after the end of apartheid as well as differences in the geographic suitability of river basins to predict the number of dams:
where D s it is the number of dams in river basin i at time t and of size ***, n i are river basin fixed effects, v it is a vector former homeland and former nonhomeland year interaction terms, and m it is the error term. P it is the policy proxy described above. The river gradient variable, RGr(k) i 's, ***, represents the fraction of perennial rivers in basin i with a 1.5-3 percent (moderate), 3 -6 percent (steep), and over 6 percent (very steep) river gradient. ERLEGNTH i is the length of ephemeral rivers within a basin and is not used when sz ¼ LARGE. Our source for all geographical information on rivers is the Food and Agriculture Organization's Rivers of Africa geospatial database (FAO 2000) . To calculate all other geographical features, we use the GTOPO20 (USGS 2011a) data set. The interaction of year dummies, l t , with the river gradient variables is intended to capture country-wide, time-varying effects of river gradients that may affect dam construction, whereas M i is a vector consisting of river-basin-specific, time-invariant measures of elevation, gradient, river length, and river basin area. 7 5. More than 85 percent of large dams in South Africa are of the arch or gravity type, or both. 6. It should be noted that we do not use the river gradient of ephemeral rivers because almost all ephemeral rivers in South Africa were below 1.5 percent, as is usual for ephemeral rivers in Africa.
7. Similar to Duflo and Pande (2007) , we define elevation measures as the percentage in a basin falling in the categories of 0 -250 meters, 250 -500 meters, 500-1,000 meters, and above 1,000 meters. In terms of overall river basin gradients, we use a breakdown analogous to the river gradient categories described above.
To derive the effect of own basin and upstream dams on cropland productivity, we estimate the following specification:
where Z it represents the right-hand-side explanatory variables in (2), except for the RGr(k) i * P it interaction terms. Z it U are the same control variables as Z it , but they are calculated in terms of a river basin's upstream basins. Z it is a vector of other available control variables. To estimate (3), we follow Duflo and Pande (2007) and use the estimated number of large dams from (2), b
DðLARGEÞ it , its upstream equivalent, U b
DðLARGEÞ it , and the estimated number of small dams, b
DðSMALLÞ it , as instruments. We thus have three instruments for three endogenous variables.
One should note that, as Duflo and Pande (2007) argue, the approach above, in contrast to standard IV methods, uses all available variation efficiently by using all basins to predict the relationship between basin geographic features and the number of dams (rather than only those upstream) and avoids averaging these features when there are several upstream basins. In fact, as Duflo and Pande (2007) note, if every basin had a single upstream basin, then this approach would be identical to a two-stage least-squares procedure where the interaction of river gradient proxies with predicted dam incidence in homeland/ nonhomeland areas are instruments.
It is important to outline the identifying assumption behind estimating (3) using the specified instruments. In particular, unbiased estimates of b 1 , b 2 , and b 3 implicitly rest on the assumption that agricultural production across former homeland river basins with different river gradients would not have changed systematically from 1994 onward even if no dam construction had taken place. In other words, even if there were other policies favoring or disfavoring agricultural production in former homeland basins and these were implemented during the same 1994 to 1998 period, we assume that these did not differ across our river gradient categorization. One possible culprit might be the Land Reform Program, which was introduced with the new African National Congress of the postapartheid regime to redress the unequal patterns of land redistribution. This program was intended to facilitate land restitution and redistribution in favor of the disadvantaged and poor (that is, the underprivileged black population) on a willing buyer/seller basis but with grant support. Feasibly, if river gradients are directly related to agricultural productivity and more land was redistributed in homelands or nonhomelands according to these criteria, then our identifying assumption may be violated. However, as of the end of 2001, only 2 percent of land had actually changed hands, falling short of the 30 percent goal (Twala 2006 ). Finally, it should be kept in mind that our IV strategy only captures the local average treatment effect in the sense of the impact in basins where dams were built because of favorable river characteristics and would not have been built otherwise. Thus, the above strategy provides us only with an estimate of the economic impact of technologically feasible dams. It does not have sufficient power to capture the effect of dams on cropland productivity placed because of political reasons, for example.
I I . D A T A S O U R C E S
To proceed to the econometric analysis, we collected data regarding dam location and characteristics, the spatial unit of analysis, cropland productivity, and other factors. The description of these data is provided below.
Dams
To identify and geographically locate dams in South Africa, we use the Department of Water Affairs (DWA) dams database (DWA 2011), which collects detailed information on dams that fall within the dam safety permit system, essentially covering all known dams with at least 5 m height and a reservoir capacity of 50,000 m 3 . 8 Importantly, the DWA dams database provides information on the exact latitude and longitude of the location, construction date, reservoir surface area and capacity, purpose, size classification, and, for many dams, height.
Our purpose here is to distinguish between the effects of large and small dams in South Africa. A crucial component in this regard is the definition of dams as large versus small, a classification for which there is no global agreement. In fact, definitions differ widely. For example, the International Commission on Large Dams defines large dams as those with at least 15 m in wall height or a reservoir exceeding 3 million m 3 . In contrast, in the United States, dams greater than 90 m are classified as large, whereas in China, the definition is based on a reservoir capacity greater than 100 million m 3 . In Switzerland, dams with 40 m wall height or those with less than 40 m but a reservoir capacity greater than 1 million m life, none; potential economic loss, minimal), (ii) significant (loss of life, not more than 10; potential economic loss, significant), and (iii) high (loss of life, more than 10; potential economic loss, great). With these two aspects in mind, dams in South Africa are classified into three possible categories determining the legislative requirements associated with each. Given that small and medium dams (in terms of height) are more likely to be in the same legislative category given their hazard potential and that large and small dams never share the same category regardless of the risk of failure, we group small and medium dams into one group and treat large dams as a separate group. For convenience, we label dams in the former group as "small" and in the latter group as "large" dams. Note that our categorization of dams rests implicitly on the DWA's assessment of potential economic losses in case of failure and thus is based on an evaluation of the local South African context rather than on another relatively arbitrary classification adopted elsewhere. We restrict our analysis to dams whose main purpose is irrigation, constituting 55 percent and 79 percent of all large and small dams in the data, respectively. Thus, we have a total of 114 large and 3,257 small dams (as of the year 2000). Summary statistics provided in table 1 show that large dams are, on average, nearly twice as old as smaller ones. Unsurprisingly, their mean reservoir capacity is substantially larger (over 360 times), constituting 93 percent of the total storage capacity in South Africa. Similarly, the surface area is substantially larger (1,310 Ha for large dams compared to 103 Ha for small dams). Finally, as of the year 2000, most large dams were located in the former nonhomeland territories, whereas most small ones were in the former homelands. We depict the location of large and small irrigation dams in figure 2.
Spatial Unit of Analysis
As outlined earlier, in light of inadequate data on command and catchment areas, we break South Africa down into river basins, allowing us to characterize their hydrological relationship. We follow Strobl and Strobl (2010) and use the HYDRO 1K data set (USGS 2011b), which provides drainage basin boundaries data for the African continent as derived from river network and flow direction data. At its most disaggregated level, this process involves dividing the African continent into 7,131 six-digit hydrological basins with an average area of 4,200 km 2 , where each basin can be classified into whether it is upstream, downstream, or not related to another basin in the data set. Of these river basins, 245 lie completely within South African borders, whereas another 98 lie partially within these borders. We consider those in which the majority of the area lies within South Africa as part of our sample, giving us a total sample of 299 basins. As depicted in figure 3, these basins vary greatly in shape and size, and 31 percent of the basins have a majority of their area located in former homeland territories.
Finally, in terms of a priori expectations regarding the impact of dams within our empirical framework, we assume that the catchment area of dams is likely to be contained within a dam's own vicinity. Although we do not have a geographical delineation for the catchment area of dams, the DWA provides unofficial shapefiles for the area of the reservoir lake for 377 of these. These shapefiles show that 91 percent of dams' catchment areas are completely contained within the river basin where the dam is located, whereas for the remaining dams, 80 percent of the catchment area is contained within the basin. Thus, our assumption about the catchment area being generally contained within a dam's river basin appears reasonable.
FIGURE 2. Large and Small Dams of South Africa

Cropland Productivity
Time-varying standard agricultural measures of cropland productivity, such as crop yields, do not exist for South Africa at a spatial resolution as fine as our hydrological regions. 9 We thus follow Blanc and Strobl (2013) and use two satellite data sources. The first is the Global Land Cover 2000 data set (GEM 2011), hereinafter called GLC 2000, which classifies land cover across the globe into 22 distinct land cover categories at a 1 km resolution based on images acquired by the SPOT 4 satellite during 2000. We use the land cover category "Cropland" to spatially capture agricultural crop areas within our basins, although we also experiment with including the categories "Mosaic of Cropland/Shrub or Herbaceous Cover" and "Mosaic of Cropland/Tree Cover/Other Natural Vegetation". The "pure" cropland cells constitute approximately 14 percent (56,000 km 2 ) of South Africa. According to the GLC 2000, 15 percent of the six-digit code basins did not contain any "pure" cropland cells. Of the 223 basins that did, 77 were located in the former homeland river basins. We depict the identified cropland areas within South Africa in figure 4. The largest areas of "pure" cropland are FIGURE 3. River Basins 9. Even more aggregate regional level agricultural data on any consistent basis only exists for the former nonhomeland areas prior to the fall of apartheid. located in the northern part of South Africa, mainly in nonformer homeland territories.
10 Most dams depicted in the same graph are located near cropland, except in the central part of the country.
To measure the productivity of cropland areas within basins over time, we use as a proxy their net primary production (NPP) as measured by satellite images. NPP quantifies the conversion of atmospheric carbon dioxide into plant biomass, and the resultant values can serve as a proxy of cropland productivity. Examples using NPP to proxy cropland productivity include Heinsch et al. (2005) and (Lobell et al. 2002) . As Hicke, Lobell, and Asner (2004) note, one of the advantages of using NPP to proxy cropland productivity over large areas and over time is that, unlike economic data, it provides a common metric among different crop types, thereby facilitating comparisons and aggregation over all types. NPP data for South Africa are the MOD17A2 measures derived from observations of the Moderate-resolution Imaging Spectroradiometer on the NASA Earth Observing System Terra satellite. The data are available at the 8 km spatial level on an annual basis for the period 1981 to 2000 and are given as grams of carbon per square meter (gC/m 2 /year). We use the annual average of NPP to proxy cropland productivity. Although the Moderate-resolution Imaging Spectroradiometer data are at a greater resolution than the GLC 2000 data, this generally did not pose a problem in terms of masking out cropland given that most cropland cells were agglomerated at a much larger scale than 8 km.
The use of the Moderate-resolution Imaging Spectroradiometer data as a proxy for actual cropland productivity has been validated in a number of studies (Zhang et al. 2008; Turner et al. 2006) . To roughly verify that this measure can be related to standard agricultural data, we aggregated its value for all of South Africa and correlated it with FAOSTAT (2011) data-derived measures of cropland productivity. The resultant Pearson correlation coefficient was 0.74 and was significant at the 1 percent level, providing evidence that these measures are substantially positively related. We also investigated whether the relationship between NPP and data-derived cropland production might be nonlinear by using a Kernel-weighted local polynomial smoothing estimator, but we found no evidence of this. To provide a "monetary" feel for the rough equivalent of a unit of NPP, we also regressed the total value of agricultural cropland production in South Africa on NPP, additionally controlling for time dummies.
Other Explanatory Variables (X) Hicke, Lobell, and Asner (2004) note that NPP can change in response to shifts in types of crops, changes in crop management practices (for example, fertilization, irrigation, pest management), and climate-related factors. In this regard, estimating net changes in NPP due to changes in crop management as a result of dam construction is the goal of our exercise, although the results may need to be interpreted in a broader sense if irrigation benefits result in more productive pest management and fertilization. In contrast, failing to take account of crop type shifts may result in overestimating the net benefits of dams in using NPP as a proxy of cropland productivity if, as a result of dam construction, farmers were to switch to crops that benefit more from irrigation. Unfortunately, we know of no time-varying data on crop types at the basin level that would allow us to control for such changes.
In terms of controlling for climatic factors, we use weather data extracted from the CRU TS 2.1 data set (Mitchell and Jones 2005) , which provide monthly precipitation and temperature measures at the 0.5 degree level over the entire 20th century. We use these to derive two specific annual river-basin-wide measures of climate, namely, precipitation and reference evapotranspiration. To capture the effect of precipitation, we calculate the local standardized precipitation index (SPI), which has been argued to be particularly good at capturing the cumulative effect of reduced rainfall over time in a chosen locality.
11 To capture the effect of temperature on cropland productivity, we calculate reference evapotranspiration, which measures the evaporative demand of the air within a basin, by following Hargreaves and Samani (1985) .
Our precipitation and evapotranspiration indices depend on local climate only. However, the hydrological cycle in a region involves the continuous movement of water on, above, and below the surface of the Earth over time, so water available as an input to plant growth may depend not only on current local weather and soil conditions but also on their counterparts considerable distances away. Moreover, particularly within the context of the current article, a dam's irrigation benefit is likely to depend on the available river flow. To capture this river flow within our basins, we employ the Geospatial Stream Flow Model (GeoSFM), which is a semidistributed, physically based hydrological model developed by the United States Geological Survey (USGS (2011b) with particular relevance for Africa's hydrology (Asante, Macuacua, et al. 2007; .
12 More specifically, GeoSFM allows one to simulate the dynamics of runoff processes using spatial information on river basin and network coverage, land cover type, soil characteristics, and daily precipitation and evapotranspiration data. To satisfy the model's requirements for soil characteristics (water-holding capacity, hydrologically active soil depth, texture, average saturated hydraulic conductivity), we take data from the Digital Soil Map of the World (FAO 2011) and use the procedure by Schuol and Abbaspour (2007) to derive daily precipitation and evapotranspiration series per river basin using the CRU climate data. Using these inputs in GeoSFM produces the daily stream flow in terms of cubic meters per second (m 3 /s), and we sum these to obtain annual equivalents. Importantly, GeoSFM is run solely with the time-invariant geographic characteristics of basins and time-varying climatic information as inputs and does not take into account the influence of flow through dam location and operation rules. Thus, it is the stream flow that would have occurred if water had been allowed to pass through the continent unobstructed. We provide summary statistics of all our variables in table 2.
I I I . E C O N O M E T R I C R E S U L T S
We proceed to our econometric analyses by first ensuring that our assumptions hold. We then present the main regression results and, finally, report various robustness checks.
Preliminary Checks
To verify that the river gradients matter in terms of predicting the location of dams, 13 we regressed the number of dams as well as the subgroups for our pooled data set over the 1981-2000 period on our three different river gradient dummy variables as well as controls for overall gradient, perennial river length, 12. GeoSFM is currently used as a component in the United States Geological Survey famine early warning system; see http://earlywarning.usgs.gov/fews/.
13. To predict dam location, we use all relevant South African river basins for our analysis (that is, those that contain some cropland as well as the basins upstream from these). Note: Summary statistics refer to all level-six areas with at least some cropland, except for the river gradient variables, which also include areas upstream from these.
Source: See Section II. Blanc and Strobl elevation, total area of a river basin, former homeland based fixed effects, and a set of year dummies. 14 As Duflo and Pande (2007) note, on engineering grounds, low-level river gradients should be preferred for large dam locations relative to both higher-level and very low slopes. In contrast, even fairly low river gradients are often suitable for small dams (see, for instance, Stone 2003; Nissen-Petersen 2006; FAO 2010) .
As shown in the first column in table 3, the results for large dams are similar to those of Duflo and Pande (2007) and Strobl and Strobl (2010) , where dam construction is more likely in moderately sloped basins and less likely for steeply sloped basins and is more likely for very steeply sloped gradients, all relative to low sloped gradients. As Duflo and Pande (2007) note, the result for the very steeply sloped dummy is most likely due to the often multipurpose nature of large dams. 15 We also include the length of ephemeral rivers to verify that ephemeral rivers are not conducive to large dam construction; as shown, this is indeed the case. We thus exclude ephemeral river length as a control in any subsequent specifications involving large dams to create our set of instruments.
Examining small dams, we find that the presence of irrigation dams is less likely in very steep and moderate river gradient basins, as might be expected a priori. Perhaps somewhat peculiarly, we also find that small dams are more likely to be constructed in basins with larger shares of steeply sloped rivers. Importantly, we find that small dam location is more likely in basins where there are more ephemeral rivers.
We next check whether our policy change proxy serves as a reasonable predictor of dam allocation over our sample period. To this end, we rerun the specification described above but include our policy change proxy, P it , and control for basin-level fixed effects and thus for all geographic and nongeographic time-invariant features. As shown, for both small and large dams, the estimated coefficient suggests that the policy changes from 1994 onward increased dam construction in basins that are predominantly based in former homelands.
Finally, we report the estimated coefficients of RGr(k) i * P it from the first step regression of (2) for large dams and those of these interaction terms as well as with ephemeral river length for small dams for the pooled sample over all years in table 3. As shown, the individual interaction terms are significant in all cases. Most important, the joint F-test statistic for the river gradient interaction 14. We also attempted to run this specification for each year, excluding the time dummies. The results are qualitatively and, generally, quantitatively very similar across all years.
15. For a few large dams, our dam database lists other purposes in addition to irrigation. However, in many cases, internet searches on the dams that only listed irrigation as their purpose also indicated that these dams were used for other purposes, such as hydropower and water supply. Therefore, it is unlikely that the information on the purpose of dams allows us to truly distinguish between multipurpose and single purpose dams. Nevertheless, we reran our specification for large dams excluding the dams that listed more than one purpose. This approach reduces the size of the coefficient toward zero and, if performed by year, below zero in some cases, although it always remains insignificant. Regressions include homeland, river basin elevation controls (three dummies indicating fraction of area with 250 -500 m, 500-1,000, and above 1,000 m elevation), river basin overall gradient controls (three variables indicating the fraction of area with 1.5 -3 percent, 3 -6 percent, and over 6 percent gradient), area, total perennial and ephemeral river lengths, and time dummies. Standard errors given in parentheses are robust. ** and * are 1 percent and 5 percent significance levels, respectively. RGr(MOD) is the fraction of perennial river gradient at 1.5-3 percent, RGr(STEEP) is the fraction of perennial river gradient at 3 -6 percent, RGr(VSTEEP) is the fraction of perennial river gradient at above 6 percent, and ERLENGTH is the length of ephemeral rivers in kilometers. The F-test for RGr it refers to a test on the coefficients of the river gradient variables.
Blanc and Strobl variables demonstrates that these variables have substantial predictive power in all samples.
Main Results
When estimating equation (3), one concern is that, as Duflo and Pande (2007) note, agricultural data tend to be strongly autocorrelated. Indeed, tests indicated that our measure of agricultural productivity was autocorrelated to the third order. To address this problem, Duflo and Pande (2007) use a feasible optimal IV estimator. In our context, however, NPP data are also highly spatially correlated. A Moran's (1950) test indicates that for each of our 20 years, the null hypothesis of no spatial correlation could be decisively rejected. To address these two issues simultaneously, we implement the nonparametric covariance matrix estimator proposed by Driscoll and Kraay (1998) in an IV framework as in Driscoll (2004), which calculates standard errors corrected for spatial correlation, autocorrelation (to the third order), and heteroskedasticity using an extension of Newey and West's nonparametric variance-covariance estimator.
Estimation results for equation (3), considering all 223 river basins with cropland and including only our climatic controls as well as controlling for basin fixed-and year-specific effects, are given in the first column of table 4 for large Notes: Driscoll and Kraay (1998) standard errors corrected for spatial and second-order autocorrelation are given in parentheses; ** and * are 1 percent and 5 percent significance levels, respectively. CP (dependent variable) denotes cropland productivity. Regressions include river basin fixed effects, former homeland year interactions, interactions of homeland basin predicted dams with river basin gradient, perennial and ephemeral river lengths, river basin area, river basin elevation, river gradients, and river gradient-year interaction terms. dams only. Accordingly, the precipitation proxy, the SPI, is significantly positive, confirming that greater rainfall increases cropland productivity. Somewhat surprisingly, the evapotranspiration index is marginally insignificant (at the 5 percent level), although in the latter specifications, it is significant. With regard to the river flow variable, Asante et al. (2008) note that river flow series generated from the GeoSFM are particularly suitable for describing river flow anomalies. In the second column, we experiment with including the dummy variables low river flow event and high river flow event, RFL and RFH, respectively, indicating when stream flow was one standard deviation below and one standard deviation above its basin-level mean (as calculated over the 1950-2000 period), respectively. As shown, we now find that years in which river flow was below its long-term mean induced a significant fall in cropland productivity, whereas positive anomalies had no impact.
In the third column, we include the number of large dams within a basin as well as the number of large dams located upstream, both in their noninstrumented form (that is, we estimate the ordinary least squares version of equation (3)). Accordingly, we find that large irrigation dams positively increase cropland productivity within their own basin, but they have no effect on cropland located immediately downstream. Importantly, however, instrumenting our dam variables changes these findings. In particular, as shown in the fourth column, the coefficient for upstream dams is now significant, suggesting that these dams do increase productivity. Moreover, the size of the own-vicinity dam coefficient increases multifold and, somewhat contrary to prior expectations, suggests an effect even larger than that of upstream dams. These two results together indicate, as Duflo and Pande (2007) and Strobl and Strobl (2010) show, that not controlling for endogeneity in dam location introduces a downward bias in the estimates. The larger impact of own-vicinity large dams stands in contrast to these previous studies.
The main purpose of this study is, of course, to investigate the possible role of small irrigation dams in aiding cropland productivity relative to large ones. Thus, we reestimate the specification of the last column of table 4 but include the (instrumented) number of small dams within a basin. This approach produces a number of important findings, as shown in the first column of table 5. First, the presence of small dams, D(S), significantly increases cropland productivity within their basin. Second, in terms of the impact of small dam inclusion, one finds that the coefficient on upstream (large) dams only changes slightly in value. In contrast, large dams within a basin have a marginally insignificant (although still positive) effect on cropland productivity (that is, a third of that of upstream dams). This finding importantly suggests that where small dams are present, the identifying assumption of the IV approach developed by Duflo and Pande (2007) may be violated if these are not controlled for in the analysis. This finding is further confirmed by a simple z-test of the equality of coefficients (the z-statistic is 2.96). In terms of the relative impact of small dams, one finds that compared to Notes: Driscoll and Kraay (1998) standard errors corrected for spatial and second order autocorrelation are given in parentheses; ** and * are 1 percent and 5 percent significance levels, respectively. CP (dependent variable) denotes cropland productivity. Regressions include river basin fixed effects, former homeland year interactions, interactions of homeland basin predicted dams with river basin gradient, perennial and ephemeral river lengths, river basin area, river basin elevation, river gradients, and river gradient-year interaction terms. In the first column, DAM and UDAM refer to the total of own-vicinity and upstream large and small dams together, whereas in the second and third columns, they refer to large dams only. LC excludes cells that had NPP of more than two standard deviations in 2000 compared to 1981. MOSAIC includes cropland mosaic. CLOSE indicates within 5 km of dams. In the last column, reported coefficients are for nonirrigation dams.
Blanc and Strobl a large upstream, a small dam has only 4.3 percent of the productivity-boosting effect on cropland.
One may recall that, conceptually, there are a number of assumptions underlying our base econometric specification. More specifically, in terms of large dams, we abstract from the potential indirect general equilibrium impact of large dams that are neighboring but not hydrologically related as well as the effect of those that are further (than immediately) upstream. For small dams, we assume that they are too small to have any impact outside their own vicinity. To verify that these assumptions are plausible, we introduce the instrumented number of large dams in neighboring nonhydrologically related (NB) and in further upstream (U2) basins as well as the number of small upstream, neighboring nonhydrologically related, and further upstream. As shown in table 5, none of these additional variables is statistically significant, suggesting that small dams are too small to have any impact outside their own basin and that large dams can have an impact outside their own basin but only on those crops located immediately downstream.
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As noted in the introduction, the view of some critics has recently been that perhaps the issue should not be considered a choice between large and small dams; rather, these two types together can provide a more efficiently functioning irrigation system, where large dams can aid the impact of smaller dams. To investigate this possibility, we include their interaction term in the third column. This approach dramatically changes some of the previous findings. In particular, one now finds that the large dam variable is significantly negative, thus implying that a large dam has a negative impact of cropland within its vicinity if there are no small dams present, lending some truth to the assertion that water seepage and soil salinization harms local farmers. Because the average number of small dams is approximately nine, for the average river basin, the net effect of a large dam is reassuringly about the same (57 units of NPP) as when one does not control for the interaction with small dams (as shown in the first two columns). When the interaction term is included, the effect of small dams on their own is approximately 40 percent smaller, implying that some of the small dam impact in the previous results is due to the benefit of being near a large dam. In other words, some of the nonnegative impact for large dams is due to a compensating effect of small dams. Perhaps most important, we find that the positive coefficient on the interaction term suggests that large dams can augment the positive effect of small dams, perhaps by being part of a coordinated system of irrigation.
Robustness Checks
Our interpretation of the negative impact of large dams on NPP is that this impact is likely due to water seepage, soil salinization, and, perhaps, other negative spillovers from the construction of these large infrastructure projects on 16. It is noteworthy that the coefficients, particularly on UD(LARGE, NB), are large, meaning that in case of a type II error, we could not rule out very large positive equilibrium effects.
cropland. If this were indeed the case, one would most likely expect this impact to be particularly prominent for cropland located near the dam. To investigate this possibility, we restrict our dependent variable to capture only cropland within 5 km of any large dam. As depicted in the fourth column of table 5, the negative effect is indeed larger (22 percent) for these areas, although a simple z-test suggests that this difference is insignificant.
A major drawback of our satellite-derived productivity data is that we can only identify cropland that existed in 2000. Thus, we need to assume that these cells were used for cropping throughout our sample period. Apart from general measurement error, this assumption could feasibly introduce systematic misclassification if the presence of dams caused changes in cropland. Thus, for some cells, changes in NPP may be due in part to changes in land use rather than productivity-enhancing or productivity-reducing effects of irrigation dams. To roughly investigate the role of such measurement error, we attempt to disregard grid cells that are more likely to have had a different land use classification prior to 2000. More precisely, we exclude all cells (approximately 8 percent) whose 1981 NPP value was either two standard deviations above or two standard deviations below the mean value of NPP for cropland in 2000. Two standard deviations below corresponds roughly to that what would be the mean value of the category "Sparse Herbaceous or Sparse Shrub Cover," whereas two standard deviations above is close to the mean value of the category "Tree Cover, Broadleaved, Evergreen." The results, shown in the fifth column, of using the mean basin values of NPP for this subset of cells demonstrate that the negative effect of own large dams is somewhat smaller, the positive effects of small dams and their interaction with large dams are also somewhat smaller, and the positive impact of upstream large dams is now marginally larger. Again, simple z-tests suggest that these differences are not statistically significant. Thus, there is little evidence that our use of the 2000 land use classification produces noticeable biases in our results.
Thus far, we have restricted our sample to include areas from 1 km 2 grid cells from the GLC 2000 that are characterized as "pure" cropland and to exclude those cells categorized as containing cropland within the mosaic of other vegetation. Feasibly, this approach may ignore smaller cropland and limit the interpretation of our results beyond very large or agglomerated plots. Thus, we reestimate our base specification from specification (13) using the mean NPP value of all cropland, including that classified as mosaic. 17 As shown, there is little change in the coefficients for local small dams or upstream large dams. However, the negative impact of large local dams is again somewhat larger than that for the sample using only pure cropland cells. As before, these differences are not statistically significant.
Finally, one should note that underlying the identification of the IV strategy is the assumption that agricultural production would not have varied in response 17. Of our 223 basins, 960 also contained this type of vegetation.
to the policy changes considered as a function of land suitability in the absence of irrigation dam construction. An insightful placebo test in this regard would be to conduct a similar analysis using all nonirrigation dams in South Africa. More specifically, we employ the same IV strategy as above using nonirrigation dams from the DWA database. There were 90 large and 772 small nonirrigation dams in the data, the main functions of which differed widely, ranging from water and industrial supply to recreational use. The coefficients on the nonirrigation dams are reported in the last column of table 5. As shown, reassuringly, none of these is statistically significant. Hence, these findings provide at least secondary support for the validity of our identifying assumption.
River Flow Dependence
Arguably, the storage of water in dams will be reduced during drought years, resulting in limited release and hence a limited ability of dams to provide irrigation benefits. To this end, Duflo and Pande (2007) and Strobl and Strobl (2010) identify drought events by considering local precipitation. These authors find that the estimated impacts depend on these events. Of course, the river flow local to the dam actually determines the amount of water stored, and, as argued earlier, this depends on the complete hydrological cycle rather than only local precipitation. Therefore, we use our river flow proxy dummies to isolate water-rich and waterpoor years in a region. Additionally, we identify high and low river flow events in upstream areas and calculate dummy variables, RFHU and RFLU, respectively. As shown in the first column in table 6, regressing NPP measure on these as well as all other climatic variables shows that the upstream variables have no direct effect on local cropland productivity, whereas the local low river flow continues to have a negative effect.
To investigate how river flow may determine the impact of dams, we include our instrumented local and upstream dam variables and their interaction terms with the river flow dummies, initially for large dams only. As shown in the second column, although the average positive effect of large local and upstream dams is maintained, their overall impact is dependent, in part, on the available river flow. In particular, we find that low river flow reduces the overall impact of large dams by nearly one-third. In contrast, the upstream large dam effect is enhanced by larger river flow upstream.
One might expect that, given their much lower storage capacity, the benefits from small dams would be less dependent on local river flow. This assumption is confirmed in the third column, where we include the instrumented number of smaller dams, its interaction term with large local dams, and their interaction terms with local river flow anomaly events. Accordingly, the results for large dams as well as their dependence on local and upstream river flow hold as before. In contrast, the impact of small dams on their own does not depend on local annual mean river flow. Moreover, the additional benefits are not dependent on river flow. Notes: Driscoll and Kraay (1998) standard errors corrected for spatial and second order autocorrelation are given in parentheses; ** and * are 1 percent and 5 percent significance levels, respectively. CP (dependent variable) denotes cropland productivity. Regressions include river basin fixed effects, former homeland year interactions, interactions of homeland basin predicted dams with river basin gradient, perennial and ephemeral river lengths, river basin area, river basin elevation, river gradients, and river gradient-year interaction terms.
I V. C O S T -B E N E F I T A N A L Y S I S
We now use our estimated coefficients to provide a cost-benefit analysis of large and small dams. Unfortunately, we do not have explicit information on the costs of construction of the dams in our database. However, Alexander and van Wyk (2005) provide estimates of costs for nine dams in South Africa according to their height and capacity, and we use these data to infer the costs of dams in our sample. More specifically, we regress their unit costs in terms of dollar per cubic meter of capacity on dam height and find the following relationship:
where both coefficients are significant at the 1 percent level. Using the mean values of the capacity and height of small and large dams from our sample as given in table 1, these estimated coefficients suggest that large and small dams have average unit costs of $0.12/m 3 and $0.35/m 3 and average total costs of $15,123,640 and $124,531, respectively.
To determine the average total benefits of our large and small irrigation dams, we need both an indicator of their average annual benefit to agricultural production and their average life span. The annual benefits can be derived from our estimated coefficients and the fact that one unit of NPP roughly translates into 1 kcal of food. Conveniently, the units of the annual NPP measure (gC/m 2 /year) can be roughly converted into kilocalories and, hence, to their nutritional value if the crop involves food products. That is, as Mackenzie et al. (2004) note, organic matter stores approximately 112 kcals of energy per 12 gC; hence, 1 gC is equal to approximately 9.33 kcals. However, some of the energy in NPP is lost postharvest owing to transport and processing, crop residue left in the field, and roots. We thus use the adjustments for each of these factors proposed by Imhoff et al. (2004) to convert our NPP kilocaloric measure into kilocalories of final agricultural production available for human consumption. 18 This approach suggests that 1 gC/m 2 /year of NPP can be converted into approximately 1 kcal available for human consumption. Given that global estimates of the cost of the minimum amount of kilocalorie per person per day (2100) is approximately $1.25, 19 then one unit of NPP would be valued at roughly 0.06 cents. The annual monetary benefits of a dam can then be derived by using our estimated coefficient, which gives the marginal additional annual benefit to each square meter of cropland, and the fact that basins have, on average, 15 km 2 of cropland. To proxy the life span of a dam, we take advantage of the fact that the South African dam register classifies many dams in terms of their safety risk. More specifically, dams are assessed structurally to determine whether they pose any risk 18 . More specifically, we use multipliers of 0.4, 1.28, and 2, respectively, to systematically subtract likely losses from the given energy value (Imhoff et al. 2004; Imhoff and Bounoua 2006) .
19. See Chen and Ravallion (2008) .
in terms of economic loss and are then categorized accordingly. We take the mean age of those classified as significant risk as a proxy for when they have reached the end of their life span. The mean age of dams within this category in our sample was found to be 45 and 34 years for large and small dams, respectively.
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Using our estimated coefficients from the third column of table 5, the estimated life spans, and the assumption that there is cropland downstream from each large dam, we find that the net annual own-vicinity and downstream benefit from a large dam is $1,246,885, whereas the annual (own-vicinity) benefit for a small dam is $58,032. Given their construction costs, this finding suggests that large dams, on their own, have an internal rate of return of 8 percent, whereas the equivalent figure for a small dam is 45 percent. Because the larger dam likely aids the smaller one rather than vice versa, we attribute any additional benefits due to their interaction to the large dam. In this regard, the internal rate of return for a large dam rises by one percentage point for each small dam in the vicinity, suggesting that in the presence of 37 small dams, the internal rates of return would be equivalent. If we consider a scenario in which river flow is high, then the internal rate of return for large dams on their own is 20 percent.
Considering the total benefits accrued over their lifetimes, the benefit-cost ratio over a large dam's lifetime is approximately four and that of a small dam is 16. The latter rises by an additional 0.3 for the former for each additional small dam in the vicinity. The corresponding benefit-cost ratio for large dams under a high river flow scenario is 10.
V. C O N C L U D I N G R E M A R K S
Our analysis demonstrates that the controversy of small versus large dams is somewhat misdirected when considering irrigation. More specifically, we show that the net impact of local large dams on NPP depends on controlling for small dams and the interaction between these two types. Although large dams can have negative impacts on nearby cropland, in contrast to their positive effect downstream, they triple the relatively small productivity-enhancing effect of small dams. Nevertheless, the overall impact of large dams is somewhat sensitive to available river flow.
A simple cost-benefit analysis demonstrates that smaller dams appear to have a substantially more favorable internal rate of return and benefit-cost ratio than large dams if considered in isolation, but this benefit can be partially offset by considering large dams as part of a system of small dams. However, our calculations should be viewed with some caution because they only consider irrigation benefits and construction costs and, as such, may particularly over-or underestimate the figures for large dams. For example, we do not incorporate population displacement and environmental costs, factors that originally called the 20. The life span of 45 years for large dams coincides well with the average expectancy proposed in Smil (2003) .
feasibility of large dams into question. However, large irrigation dams can also be multipurpose, providing not only irrigation benefits but also energy through hydropower production. Thus, our analysis only provides an incomplete picture of the large versus small dam controversy. Finally, we only estimate the effect on yield, not the effect on profit. In this regard, one might very well expect prices on crops to fall as the yield supplied on the market increases as a result of dams. Moreover, changes in irrigation may change the price that farmers have to pay for irrigation. In principle, then, the increase in net profit could be substantially lower than the increase in yields.
